Abstract. Boar spermatozoa contain isoforms of both glyceraldehyde 3-phosphate dehydrogenase (GAPDH, EC 1.2.1.12) and pyruvate kinase (PK, EC 2.7.1.40). The sperm-specific forms, GAPDH-S and PK-S, are tightly bound to cell structures. By immunofluorescence microscopy GAPDH-S and PK-S were localised in the principal piece of the boar sperm flagellum as well as in the acrosomal region of the sperm head and at the head-midpiece junction. The midpiece of the flagellum, however, contains isoforms of GAPDH and PK that were only recognised by antibodies against somatic GAPDH and PK, respectively, but not by the antibodies against GAPDH-S and PK-S. In sections of boar testis, GAPDH-S and PK-S were first detected in elongating spermatids when both the developing flagellum and the head were labelled with antibodies against GAPDH-S and PK-S. In contrast, antibodies against rabbit muscle GAPDH and PK labelled all developmental stages of germ cells and also neighbouring contractile cells. Thus, the structure-bound sperm-specific enzymes, GAPDH-S and PK-S, appeared only late in spermatogenesis simultaneously with the development of the structures to which they are bound. Anchoring glycolytic enzymes to structures in these mitochondria-free regions may secure ATP-production for both motility and acrosome function.
Introduction
Mammalian spermatozoa are highly-specialised cells that show a conspicuous degree of metabolic compartmentation. Aerobic ATP production is restricted to the midpiece of the flagellum where all mitochondria are concentrated. Glycolysis with lactate as product is an important pathway in mammalian spermatozoa (Mann and Lutwak-Mann 1981) , especially in animals such as boar (Kamp et al. 2003; Marin et al. 2003) . Boar spermatozoa lack a shuttle for the transport of high-energy phosphate from the site of aerobic ATP production to the site of ATP consumption (for review see Kaldis et al. 1997) . Glycolysis can provide ATP locally and independent of mitochondria. There is good evidence that mammalian spermatozoa possess specific isoforms of glycolytic enzymes which are bound at the fibrous sheath, a structure that surrounds the dense fibres and the axoneme of the mitochondria-free principal piece of the flagellum (Visconti et al. 1996; Westhoff and Kamp 1997; Bunch et al. 1998; Travis et al. 1998; Eddy et al. 2003; Krisfalusi et al. 2006) . Glycolytic ATP seems to be particularly important for the vigorous whiplash motility (hyperactivated motility) required for penetrating the zona pellucida of the egg (Fraser and Quinn 1981; Urner and Sakkas 1996; Mahadevan et al. 1997; Bone et al. 2000; Williams and Ford 2001) .
In boar spermatozoa, sperm-specific glyceraldehyde 3-phosphate dehydrogenase (GAPDH-S) and pyruvate kinase (PK-S) were identified with specific antibodies (Westhoff and Kamp 1997; Feiden et al. 2007) . These isoforms are tightly bound to the fibrous sheath and their solubilisation required tryptic digestion suggesting a covalent binding. Our findings are in line with the results of Krisfalusi et al. (2006) , who demonstrated binding of both enzymes to isolated fibrous sheath of mouse sperm, as well as Welch et al. (1992 Welch et al. ( , 2000 Welch et al. ( , 2006 , who reported that GAPDH-S from mouse, human and rat differed from the respective somatic enzyme forms in that their N-termini are elongated which, as we believe, might serve for anchoring the sperm-specific enzymes to the fibrous sheath. This view is further supported by recent evidence that PK-S of boar sperm is N-terminally elongated .
In mouse and boar spermatozoa, sperm-specific hexokinases (HK1-S) are also bound to the fibrous sheath but, unlike GAPDH-S and PK-S, could be solubilised by the detergent Triton X-100 (Westhoff and Kamp 1997; Travis et al. 1998; Krisfalusi et al. 2006) . Triosephosphate isomerase and 3-phosphoglycerate kinase appear to be hydrophobically attached to GAPDH in boar spermatozoa (Westhoff and Kamp 1997) while the main regulatory enzyme of glycolysis, 6-phosphofructokinase is soluble, i.e. readily extracted from boar sperm in hypotonic media . Together, these results suggest a complex organisation of glycolytic enzymes along the fibrous sheath of mature spermatozoa in which various types of binding are involved.
Little is known about the localisation of glycolytic enzymes in the head. Travis et al. (1998) found hexokinase in mouse sperm head, and we have labelled 6-phosphofructokinase and pyruvate kinase at the boar acrosome Kamp et al. 2007) . In contrast GAPDH-S could not be found in the head of mouse, human or rat sperm (Bunch et al. 1998; Welch et al. 2000 Welch et al. , 2006 . The transporter for glucose and fructose (GLUT8), however, was found in the acrosomal region of mouse and human sperm (Schürmann et al. 2002) , and GLUT3 was present in membranes of boar sperm head (Medrano et al. 2006) . One goal of the present paper was to examine whether the antiserum against purified boar GAPDH-S, which labelled the enzyme at the fibrous sheath (Westhoff and Kamp 1997) , would also label the acrosome.
Another objective was to study the expression of the various forms of GAPDH and PK during spermatogenesis in order to better understand the possible functions of glycolysis in mammalian sperm. Spermatogenesis comprises a well-ordered sequence of developmental steps, in which the germ cells proliferate, differentiate and mature structurally and physiologically. Spermatogonia located in the periphery of seminiferous tubules of testis undergo mitotic and meiotic divisions thus giving rise to spermatocytes which are more medially located in the tubules. The haploid round spermatids are found near the lumen. During the following spermiogenesis their nuclei elongate and condense so that transcription is fairly depressed (elongating/condensing spermatids). Spermatids develop acrosomes and flagella and turn into elongated/condensed spermatids that are released as premature spermatozoa into the lumen. Some information is available about the expression of GAPDH-S (Bunch et al. 1998; Welch et al. 2006 ) and hexokinase (HK-S; Mori et al. 1998; Travis et al. 1998) in mouse and rat testes. The present paper presents immunofluorescence analyses on the presence of somatic and sperm-specific GAPDH and PK in boar testis to evaluate whether the expression of GAPDH-S and PK-S correlates with the development of acrosomes and flagella in spermatids.
Materials and methods

Samples and chemicals
Fresh ejaculates from fertile boars, diluted 10-fold with BTS (Beltsville Thawing solution), were provided by a breeders'association (64347 Griesheim, Germany). The testes were surgically removed from a sexually-mature and anaesthetised boar by a local veterinarian and immediately transferred to the laboratory on ice. Monoclonal mouse antibodies against glyceraldehyde 3-phosphate dehydrogenase from rabbit muscle (anti-rabbit muscle GAPDH) were obtained from Calbiochem (EMD Biosciences Inc., San Diego, CA, USA), goat antibodies against pyruvate kinase from rabbit muscle (anti-PK-M1) from DPC Biermann (61231 Bad Nauheim, Germany), monoclonal mouse antibodies against boar acrosin from Acris Antibodies GmbH (32120 Hiddenhausen, Germany), peroxidase-conjugated secondary antibodies from Sigma-Aldrich Inc. (Saint Louis, Missouri, USA) and Rockland Immunochemicals Inc. (Gilbertsville, PA, USA), and fluorescence-labelled secondary antibodies from Molecular Probes (2333 AA Leiden, The Netherlands). A rabbit antiserum against purified tightly-bound GAPDH from boar sperm (anti-GAPDH-S) was kindly provided by Dr D. Westhoff (see Westhoff and Kamp 1997) . Specific rabbit antibodies against boar PK-S (anti-PK-S) were obtained as described by Feiden et al. (2007) .
Biochemicals and enzymes were purchased from Roche Diagnostics GmbH (68305 Mannheim, Germany) and SigmaAldrich Inc. Jung Tissue Freezing Medium was purchased from Leica Microsystems Nussloch GmbH (69226 Nussloch, Germany), ovalbumin andTween 20 fromAppliChem GmbH (64291 Darmstadt, Germany), and cold-water fish gelatine as well as 4 -6-diamidino-2-phenylindol from Sigma-Aldrich Inc. Mounting medium Mowiol was obtained from Hoechst (65926 Frankfurt, Germany). Other chemicals were purchased from Merck KGaA (64271 Darmstadt, Germany) and Sigma-Aldrich Inc.
Electrophoresis and immunoblotting
These methods were performed as previously described . For immunochemical detection the antibodies were diluted as follows: mouse anti-rabbit muscle GAPDH 1 : 3200; goat anti-PK-M1 1 : 12 500; anti-mouse IgG 1 : 7000; anti-goat IgG 1 : 10 000. Proteins of boar sperm were extracted with and without trypsin treatment. PK-S preparation was partially purified according to Feiden et al. (2007) .
Preparation of sperm for immunofluorescence labelling
Samples of 5 µL boar ejaculate diluted 10-fold with BTS were smeared on a poly-l-lysine-precoated coverslip and left to dry. Sperm were then permeabilised with 0.1% (v/v) Triton X-100 in PBS at room temperature for 5 min. For immunofluorescence labelling of acrosin the permeabilisation with Triton was preceded by fixation with 2% (w/v) paraformaldehyde (PFA) in PBS (1 min at room temperature).
Preparation of boar testes
Testes of an 18-month-old breeding boar were prepared for immunofluorescence labelling. Fresh testis parenchyma opposite the epididymis was cut into 10 mm cubes. After swabbing up the blood the cubes were soaked in Tissue Freezing Medium. Frozen isopentane was then melted with a metal rod; the tissue cube was immersed in the molten isopentane and after 30 s transferred into liquid nitrogen (Wolfrum 1990) . Until cryostat slicing the frozen cubes were stored in Falcon tubes at −80 • C.
Cryostat slicing of tissue cubes from testis and preparation for immunofluorescence labelling
Frozen tissue cubes were cut at −20 • C with a Microm HM 560 in slices of 10 µm which were then placed on poly-l-lysineprecoated coverslips and left to dry at room temperature. After microscopic examination suitable slices were fixed and permeabilised with methanol for 6 min and acetone for 1 min at −20 • C and left to dry again. For labelling of acrosin, methanol was replaced by fixation with 2% (w/v) PFA in PBS (1.5 min at room temperature) followed by acetone as before at −20 • C. The slices were then encircled with a hydrophobic barrier (PAP-Pen) for immunofluorescence labelling.
Immunofluorescence labelling of GAPDH, PK and acrosin
Sperm and testis slices pretreated as described were covered first with a solution of 0.01% (v/v) Tween 20 diluted in PBS, then with 50 mmol L −1 NH 4 Cl diluted in PBS, both for 10 min, and washed with PBS. Spermatozoa and the testis slices were then treated with blocking solution (0.5% (w/v) cold-water fish gelatine plus 0.1% (w/v) ovalbumin in PBS) for 2 h at room temperature to saturate non-specific binding sites. This was followed by overnight incubation at 4 • C with primary antibodies in blocking solution. Mouse anti-rabbit muscle GAPDH was diluted 1 : 100, rabbit antiserum against purified tightly-bound GAPDH from boar sperm 1 : 3000, goat anti-PK-M1 1 : 10 000, rabbit anti-PK-S 1 : 5, mouse anti-acrosin 1 : 67. On the following day, after washing with PBS, sperm and testis slices were incubated in the dark at room temperature for 2 h with secondary antibodies that were fluorescence-labelled (anti-mouse IgG with Alexa Fluor 488 or anti-rabbit IgG with Alexa Fluor 568 or antigoat IgG with Alexa Fluor 546; dilution 1 : 400). For labelling of sperm the secondary antibodies were diluted in PBS only, for labelling testis slices they were diluted in PBS containing 4 -6-diamidino-2-phenylindol (DAPI; 1 µg DAPI µL −1 PBS). Blue-fluorescent DAPI was used to stain the nuclei. Finally sperm and testis slices were washed in PBS and in bidistilled water and mounted in Mowiol 4.88. Fluorescence labelling was analysed with a DM RP microscope (Leica, 64625 Bensheim, Germany). Images were taken with a Hamamatsu ORCA ER CCD camera (Hamamatsu, 82211 Herrsching, Germany) and processed using Photoshop (Version 7.0; Adobe Systems Inc., San Jose, CA, USA).
Results
Localisation of GAPDH and PK in boar sperm
Four antibody samples were used to localise GAPDH and PK in boar sperm. In order to test the specificity of the antibodies western blot analyses were performed. Purified rabbit muscle GAPDH and PK as well as proteins extracted from boar sperm without (soluble proteins) and with trypsin treatment (tryptically-solubilised proteins) as well as a sample enriched in PK-S were run by SDS-PAGE. In the following western blot analysis anti-rabbit muscle GAPDH exclusively labelled GAPDH of rabbit muscle and boar sperm. The sperm extract obtained after trypsin treatment showed a substantial labelling of the sperm-specific form (GAPDH-S) which counts for more than 90% of total GAPDH activity in boar sperm (Westhoff and Kamp 1997) . The fraction of soluble sperm GAPDH (extracted without trypsin treatment) was low, preventing significant labelling. Anti-rabbit muscle PK (anti-PK-M1) labelled not only the rabbit muscle PK but also PK-S obtained after trypsin treatment. Soluble boar sperm PK showed only a faint labelling due to its small amount compared with other soluble proteins. The specificities of the antibodies against the sperm-specific enzymes were published in Westhoff and Kamp (1997) for GAPDH-S and in Feiden et al. (2007) for PK-S. The specificity of anti-acrosin is given in the company's manual and could be confirmed with boar sperm extract.
For immunofluorescence microscopy ejaculated boar spermatozoa were permeabilised (with Triton X-100) on polyl-lysine-precoated coverslips and incubated with anti-rabbit muscle GAPDH (Fig. 1a, c) or anti-PK-M1 (Fig. 1b, d) , respectively. The antibody fluorescences of images with (Fig. 1a, b) or without differential interference contrast (DIC; Fig. 1c, d) indicate the presence of both GAPDH and PK in all parts of sperm, i.e. in the principal piece and the midpiece of the flagellum, as well as in the head. Controls obtained under identical conditions without primary antibodies (Fig. 1e, f ) show only a minor unspecific fluorescence of head and midpiece, which was also seen without the secondary antibodies and was hence due to autofluorescence (not shown). Controls with the primary antibodies that had been preincubated with their specific antigens, rabbit muscle GAPDH or PK, respectively, were only faintly labelled (not shown).
Incubating boar sperm with anti-GAPDH-S or anti-PK-S instead of anti-rabbit muscle GAPDH or anti-PK-M1 resulted in a clearly different pattern. The fluorescence labels were conspicuous in the principal piece of the flagellum, the head-midpiece junction and the acrosomal area of the sperm head but hardly noticeable in the midpiece or in the postacrosomal area of the head (Fig. 2a, b, d, e) . Under otherwise identical conditions, controls without primary antibodies (Fig. 2g, h) showed only a weak unspecific red autofluorescence (mainly seen in Fig. 2h ). Control with anti-PK-S preabsorbed by the specific antigen PK-S peptide was previously performed in immunogold experiments . Fig. 2c , f shows the immunofluorescence of acrosin indicating the shapes of acrosomes (control in Fig. 2i ), which were very similar to that of GAPDH-S and PK-S labelling. This suggests that the two glycolytic enzymes in sperm heads are present at the acrosome and not randomly distributed.
Expression of GAPDH-S and PK-S during boar spermatogenesis
In order to analyse the expression of GAPDH-S and PK-S during spermatogenesis slices of boar testis were fluorescence-labelled with the antiserum against purified boar GAPDH-S or with affinity-purified antibodies specific for boar PK-S. Antibodies against somatic GAPDH and PK were used to probe for the presence of other forms of GAPDH and PK as well. Acrosin and the precursor proacrosin were localised to facilitate the demarcation of spermatids (acrosome formation) from younger stages of germ cells.
First the effects of conservation of testis as well as fixation and permeabilisation of tissue slices on immunofluorescence pattern of (pro)acrosin, GAPDH and PK in the specimens were analysed. Testicular tissue after PFA fixation (3%, at room temperature for 2 h) was used as well as tissue cryosections fixed and permeabilised on poly-l-lysine-precoated coverslips. For fixation and permeabilisation of slices various media were tested; these consisted of PFA, methanol, acetone, and Triton X-100 in various combinations. Acrosin was well-labelled when cryostat slices of unfixed testis were fixed and permeabilised with 2% PFA (at S. Feiden et al. 
. Localisation of the sperm-specific isoforms GAPDH-S and PK-S and of acrosin in boar spermatozoa. Immunofluorescence of boar sperm merged with differential interference contrast (DIC) images is shown in (a), (b) and (c), fluorescence only in (d), (e) and ( f ). (a, d) A rabbit antiserum against purified boar GAPDH-S (anti-GAPDH-S) and (b, e)
immunopurified rabbit anti-PK-S were used for labelling GAPDH-S and PK-S, respectively, in boar spermatozoa that had been permeabilised with Triton X-100. With both antibodies the acrosomal area, the head-midpiece junction (marked by asterisks ( * ) in (d) and (e)) and the flagellar principal piece (between the two white triangles ( ) in (d) and (e), respectively) were specifically labelled, while the midpiece of boar sperm was hardly fluorescent. (g, h) The controls without primary antibodies (here merged with DIC images) showed only weak fluorescence, mainly in the acrosomal area. (c, f ) Localisation of acrosin with monoclonal mouse anti-boar acrosin required fixation of sperm with PFA before permeabilisation with Triton. Thus the area of the acrosome could be clearly defined (control without anti-acrosin is shown in (i), fluorescence merged with DIC) to confirm the labelling of GAPDH-S and PK-S at the acrosome. The unlabelled sperm at the top on the left of (c) and ( f ) indicates a damaged acrosome. Scale bars = 16.5 µm.
room temperature for 1.5 min) and acetone (at −20 • C for 1 min) before applying antibodies (Fig. 3) . Fluorescent spots appeared first in the area of round spermatids (rs, Fig. 3a) indicating developing acrosomal caps. Towards the lumen of tubules, where elongated spermatids (es, Fig. 3a ) as well as sperm are located, acrosomes were identified due to their typical shape (Fig. 2c, f ) .
No area of the tubules showed fluorescence in control slices not exposed to primary antibodies (Fig. 3c ), but the neighbouring Leydig cells displayed autofluorescence, as has been previously reported (Millette et al. 1984; Hedger and Eddy 1986 ). We . Monoclonal mouse anti-boar acrosin was used to localise proacrosin and acrosin in a boar testis slice that had been fixed with PFA and acetone on a coverslip before immunofluorescence labelling. Anti-acrosin labelled spots in the area of round spermatids (rs) as well as the acrosomes in elongated spermatids (es) and of sperm in the lumen (lu) of testicular tubules, whereas younger stages of germ cells (sg, spermatogonia; ps, primary spermatocytes) as well as the lamina propria (lp) were not labelled (marking of tissue areas is shown in (a)). In (c), the control without primary antibodies is shown (upper half, blue DAPI-fluorescence merged with unspecific green fluorescence; lower half, DAPI-fluorescence and unspecific green fluorescence merged with the DIC image). There was no labelling in the tubule area, but the adjacent Leydig cells (lc) showed unspecific green fluorescence. Scale bars = 26.2 µm in (a) and (b), and 26 µm in (c).
have confirmed these reports in control slices that were neither exposed to primary nor to secondary antibodies (not shown). For labelling the two glycolytic enzymes, replacing PFA fixation by methanol (see methods) proved advantageous. Using monoclonal anti-rabbit muscle GAPDH, fluorescence was scattered widely, with the highest intensity found in the area of spermatogonia (Fig. 4a, c) and at the lamina propria (lp, Fig. 4a) , where contractile cells are localised. Control slices not exposed to primary antibodies were hardly labelled, but as in Fig. 3c showed slight autofluorescence of Leydig cells (lc, Fig. 4e ).Anti-GAPDH-S brought about significant fluorescence only in the area of elongated spermatids and sperm (Fig. 4b, d) . In particular, the flagella of these cells showed intensive red fluorescence, whereas the fluorescence at the head was weaker and more diffuse. Controls without primary antibodies showed no unspecific fluorescence (Fig. 4f ) . Even the autofluorescence of Leydig cells was hardly noticeable because exposure time for detection of the anti-GAPDH-S signal was shorter than with anti-rabbit muscle GAPDH or anti-PK-M1 and anti-PK-S (see below).
The labelling pattern for PK (Fig. 5 ) was similar to that for GAPDH. Anti-rabbit muscle PK (anti-PK-M1) labelled most of the different cell types inside and outside of seminiferous tubules (Fig. 5a, c) . In contrast, PK-S was detected by anti-PK-S only in elongated spermatids and sperm (Fig. 5b, d) . The controls without primary antibodies showed little unspecific fluorescence inside the tubules, but the Leydig cells showed autofluorescence (Fig. 5e, f ) .
Discussion
Compartmentalisation of GAPDH and PK in ejaculated boar spermatozoa
Using two different antibodies against GAPDH forms it has been shown that the sperm-specific form (GAPDH-S) is localised not only in the flagellum along the fibrous sheath but also at the acrosome of boar spermatozoa. The midpiece was not labelled with anti-GAPDH-S but showed a weak labelling with antirabbit muscle GAPDH, suggesting the presence of a form other than GAPDH-S. The amount of this form, however, might be small because more than 90% of total GAPDH activity is tightly bound (Westhoff and Kamp 1997) . The tightly-bound GAPDH is certainly equivalent to sperm-specific forms of GAPDH-S that were demonstrated at the fibrous sheath in various species such as mouse (Bunch et al. 1998; Krisfalusi et al. 2006) , man (Welch et al. 2000) , and rat (Welch et al. 2006) . The localisation of GAPDH-S at the fibrous sheath is uniform in all mammalian species studied so far (see references above) but the presence of GAPDH or GAPDH-S at the acrosome is controversial. In earlier work Westhoff and Kamp (1997) had studied only the flagellum of boar sperm but Bunch et al. (1998) and Welch et al. (2000 Welch et al. ( , 2006 did not observe fluorescence labelling in the acrosomal area of mouse, human or rat sperm. Whether this discrepancy is species-related or due to experimental differences needs to be tested. Variations in sperm fixation and permeabilisation can alter access to and binding of antigens even if the same antibodies were used. Moreover, the antiserum that we used was most likely directed against sequences at the surface of the native protein, whereas Bunch et al. (1998) as well as Welch et al. (2000 Welch et al. ( , 2006 Anti-rabbit muscle GAPDH DIC, DAPI-and immunofluorescence ) a rabbit antiserum against purified boar GAPDH-S (anti-GAPDH-S) were used for labelling GAPDH in testis slices that had been fixed with methanol and acetone on a coverslip. Labelling with anti-rabbit muscle GAPDH was spread over all developmental stages with the highest intensities seen in the area of spermatogonia and also at the lamina propria (lp in (a)), whereas with anti-GAPDH-S fluorescence was strongest in the luminal areas (lu = lumen in (b)) of testicular tubules and restricted to the elongating/elongated spermatids and sperm. Controls without primary antibodies show no unspecific fluorescence inside the tubules but weak unspecific fluorescence from Leydig cells (lc in (e) and ( f )). The left halves of (e) and ( f ) show the blue DAPI-fluorescence merged with the unspecific green and red fluorescence, respectively. In the right halves DAPI-and unspecific fluorescence are merged with the respective DIC images. Scale bars = 26 µm. S. Feiden et al.
Anti-PK-M1
Immunofluorescence DIC, DAPI-and immunofluorescence raised antisera each against one single GAPDH(-S)-peptide. If the chosen peptide sequences were not accessible to the antibodies in situ, owing to protein folding or a shielding micro-environment, the enzyme could not have been labelled. Affinity-purified anti-PK-S resulted in similar images as with the antiserum against GAPDH-S ( Fig. 2 ; see also Feiden et al. 2007) indicating that GAPDH-S and PK-S are the isoforms present not only at the fibrous sheath but also in the acrosomal area (Fig. 2c, f ) . The presence of both enzymes at the boar acrosome can be regarded as further evidence for glycolytic activity at the acrosome.
Expression of GAPDH-S, PK-S and proacrosin during boar spermatogenesis
As already known (cf. Gupta 2005) , proacrosin was first detected in early spermatids. Not surprisingly, antibodies against the somatic forms of GAPDH and PK labelled cells outside of the seminiferous tubules. Some of the cells are contractile and may have a high glycolytic potential (e.g. lamina propria; Fig. 4a, c; and Fig. 5a, c) . In Leydig cells GAPDH and PK might also be present, but here the interpretation of the fluorescence is hindered due to the well-known autofluorescence of these cells (Millette et al. 1984; Hedger and Eddy 1986) . With the exception of the Leydig cells none of the structures showed significant fluorescence in controls that had not been exposed to primary antibodies (Figs 4e and 5e ). An intensive fluorescence was seen in the area of spermatogonia and elongated spermatids while the area between (spermatocytes) showed only weak fluorescence. The strong labelling of the spermatogonia, in particular with anti-rabbit muscle GAPDH, suggests that these cells have a higher glycolytic potential than spermatocytes and round spermatids as had been proposed by Nakamura et al. (1984) and Bajpai et al. (1998) . In contrast to spermatids, the spermatogonia and spermatocytes were neither labelled by anti-GAPDH-S (Fig. 4b, d) nor by anti-PK-S (Fig. 5b, d) , which indicates that the shift towards expression of the sperm-specific enzyme forms occurs in spermatids.
Our results for boar are in line with reports that GAPDH-S in mouse and rat first appear in condensing (elongating) spermatids (Bunch et al. 1998; Welch et al. 2006) . Expression of GAPDH-S appears to be translationally controlled. While mRNA of GAPDH-S was already found in round spermatids, the GAPDH-S protein could only be labelled in condensing spermatids. The same pattern most likely applies to HK1-S in mice (Mori et al. 1998) . The report of HK1-S in a fraction of partially-purified round spermatids from mouse testis could be due to contamination as the fraction was only 85% pure (Travis et al. 1998) . Also the gene for the testis-specific form of 3-phosphoglycerate kinase-2 (PGK-2) was first transcribed in mouse spermatocytes whereas mRNA for PGK-1 was present in spermatogonia yet had disappeared in spermatids (Goto et al. 1990; McCarrey et al. 1992) .
Reports on the expression of PK forms in mammalian spermatogenesis are so far restricted to the mRNA level. Production of PK-M1-mRNA in mouse testes was shown to increase in elongating spermatids while mRNA for PK-M2 decreased during spermatogenesis (de Luis and del Mazo 1998). This was interpreted as an indication that PK-M1 was synthesised in spermatids but the authors could not take into account the novel protein PK-S as this was described only in Feiden et al. (2007) . In northern blots de Luis and del Mazo (1998) used two primers, one specific for PK-M2 cDNA, the other complementary to a shared region of PK-M1/M2 cDNA that is most likely also present in PK-S. Our findings suggest that the reported increase in PK-M1 mRNA may actually reflect the synthesis of mRNA for PK-S. Since the polyclonal anti-rabbit muscle PK crossreacted with boar PK-M2 ) it probably labelled PK-M2 as well as PK-M1, which would be consistent with the results of de Luis and del Mazo (1998) . Mature sperm seem to have lost PK-M2 .
Rationale for the synthesis of sperm-specific glycolytic enzymes in spermiogenesis and for glycolytic activity at the acrosome of mature sperm As discussed above there is increasing evidence that spermspecific glycolytic enzymes are produced in spermatids, when the nucleus becomes condensed and inactive. Therefore mRNA for glycolytic enzymes might be already present in spermatocytes but translation may be delayed until the acrosome and the fibrous sheath are formed. There is no doubt that mature mammalian spermatozoa are glycolytically active (Mann and Lutwak-Mann 1981; Kamp et al. 2003; Marin et al. 2003; Miki et al. 2004; Mukai and Okuno 2004; Rodriguez-Gil 2006) . Even in the presence of oxygen, boar sperm in vitro produce more lactate than CO 2 (Kamp et al. 2003) indicating that more pyruvate is reduced to lactate than is oxidised by mitochondria. This could be due to the facts that mitochondria are restricted to the midpiece of the flagellum and that the transport of high-energy phosphate from mitochondria to the axonemal dynein-ATPases in the principal piece via a phosphocreatinecreatine kinase shuttle is not feasible in boar and bull sperm (both lack this shuttle; cf. Kamp et al. 1996) . In several other mammalian sperm the cycle is poorly developed (cf. Kaldis et al. 1997) . Local production ofATP (and lactate) via glycolysis could significantly attenuate the problem of providing ATP for the dynein-ATPases in the principal piece of the flagellum. This would explain, at least in part, why glycolytic enzymes (such as GAPDH-S and PK-S) are tightly-bound to the fibrous sheath that is present only in the mitochondrial-free principal piece.
Glycolysis could also be vital in the acrosomal area of boar sperm for local supply of ATP to drive ion pumps (e.g. Ca 2+ -, H + -and Na + /K + -ATPases) and phosphorylation reactions that are involved in acrosome integrity and initiation and control of the acrosome reaction (Nelson and Harvey 1999; Sun-Wada et al. 2002; Feng et al. 2006; Jimenez-Gonzalez et al. 2006; Thundathil et al. 2006) . If these hypotheses hold good, glycolytic capacity of mammalian sperm would be important for both reaching the egg (motility, especially hyperactivated motility) and entering it (hyperactivated motility and initiation of the acrosomal reaction).
